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Abstract 
Bioinspiration can lead to exceptional mechanical properties in a number of biological materials as 
a result of their internal structure. In particular, the hierarchical arrangement of nano- to macro- 
components can bring to complex energy dissipation mechanisms and unprecedented resistance to 
crack growth. In this work, we propose to exploit this approach, combining in a multiscale 
composite structure carbon nanotubes with conventional carbon fibre reinforcements in a polyvinyl 
butyral matrix. We show that grafting the nanotubes onto the carbon microfibres improves their 
interface properties with the matrix considerably, effectively doubling their apparent strength. At 
the same time, the addition of nanotubes to microfibre reinforcements helps to improve the 
composite toughness, reaching more than twice the value for the conventional, non-hierarchically 
reinforced composite. Numerical simulations and fracture mechanics considerations are also 
provided to interpret the results.  
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1. Introduction 
Recent developments in nanotechnology have opened the way to a new generation of polymer 
matrix composites that employs nanomaterial fillers to enhance specific mechanical, electrical and 
thermal properties. Very often, these nanofillers are based on carbonaceous materials such as 
graphene or carbon nanotubes (CNTs), although clays are also widely used [1]. The main issue in 
the employment of carbon nanomaterials in composite manufacturing lies in the difficulty in 
endowing the final material with the superior properties of the nanofiller , i.e. transferring nanoscale 
properties to a macroscopic material [2].  
Perhaps the best examples of how microscale and nanoscale morphologies can be arranged into a 
macroscopic material to yield exceptional mechanical properties are provided by natural systems 
[3]. For example, bone composite structure comprises different hierarchical levels, from macro to 
nano scale and it has been observed that effective stress transfer along the different length scales 
leads to exceptional mechanical performance from relatively weak constituents [4,5]. These 
observations have led to significant interest in the development of so-called “bioinspired materials” 
i.e. artificial materials that mimic some of the specific structures observed in nature, in order to 
achieve similar properties [6]. When mimicking the characteristics of natural hierarchical 
assemblies it is possible to further improve the overall mechanical performance of the obtained 
structures by employing constituent materials that displays a high intrinsic strength [7]. 
Carbonaceous materials provide great potential for this type of application because of the high 
strength due to the presence of carbon-carbon bonds in their structures, and are available in several 
sizes and morphologies (fibres, nanotubes, graphene, etc.), allowing the creation of a multiscale, 
hierarchical structure [8,9]. Several studies have been conducted on the manufacturing of 
multiscale-reinforced materials based on carbon fibres (CFs) and CNTs to reinforce polymeric 
matrices in composites [10]. 
A simple method to prepare CF-CNT multiscale composites consists in dispersing the CNTs in the 
polymer and then producing a fibre reinforced polymer (FRP) by common manufacturing 
techniques such as resin transfer molding or infusion/impregnation [11,12]. Generally speaking, to 
disperse nanofillers in the matrix of a FRP allows to combine the simplicity of production with an 
improvement of the mechanical properties of the composite that are dominated by the matrix [13]. 
Instead, fibre-related properties are not influenced. Major limits of these techniques are the low 
amount of nanofiller that can be loaded in the matrix without altering the viscosity (which can 
compromise the FRP production process) and the limited improvement of fibre-dominated 
properties such as tensile strength [14]. 
  
Another approach that allows to produce multiscale “hierarchical” composite materials is to 
combine CFs and CNTs in a multiscale reinforcement for the polymeric matrix [15]. The synthesis 
of the multiscale reinforcement can occur by directly growing the CNTs onto the CFs by chemical 
vapor deposition or by chemical grafting of the CNTs on the fibre surface [16]. Since the fully 
carbonaceous structure does not allow an easy chemical interaction between CFs and CNTs, 
different surface activation methods have been exploited to promote the formation of functional 
groups that could allow the two species to chemically bind [17]. The first attempts in promoting 
chemical bonding between the two species involved the functionalization of one species with 
carbonyl chloride groups and of the other one with amine ones, in order to form an amide linkage 
by nucleophilic substitution [18]. In order to simplify the process, a unique acid oxidation treatment 
was performed on both CFs and CNTs, then they were bound by coupling agents like dendrimers 
and PAMAM [19,20]. This approach avoids the double functionalization but leads to a lower 
grafting density due to the steric hindrance induced by the coupling agent [21]. More recent 
approaches are based on the oxidation of the carbon-based species followed by an esterification 
reaction, thus leading to higher grafting density [22,23]. In previous work by some of the authors, a 
simple and effective process to graft CNTs onto CFs was proposed [24]. In the present work, 
instead, the tape casting technique was employed to produce polyvinyl butyral (PVB) based 
composite tapes. CFs and CNTs were employed in different concentrations to assess their 
performance as reinforcement fillers. The multiscale composites were then produced by grafting 
CNTs onto the fibre surface, and compared with composites obtained by simple mixing of CFs and 
CNTs together in the PVB.  
 
2. Specimen preparation 
 
2.1 Materials 
Carbon fibres were purchased from TOHO-Tenax; as reported by the manufacturer, the CFs are 6 
mm long and sized with PU (polyurethane) up to 2.5% in weight, the bulk density is declared to be 
530 g/dm3. MultiWalled Carbon Nanotubes (MWCNTs) were acquired from Nanocyl, produced by 
catalytic chemical vapor deposition, and display the following characteristics: 9.5 nm average 
diameter, 1.5 µm average length, 90% purity and 250-300 m2/g surface area, as stated by the 
producer. For the oxidation and grafting treatments, sulfuric acid (H2SO4) 98% v/v, nitric acid 
(HNO3) 65% v/v, sodium hydroxide (NaOH) with 97% purity, and acetone with assay > 99.9% 
were used. All of the above-mentioned chemicals were purchased from Sigma Aldrich and matched 
the analytical standard specifications. 
  
 
2.1 Oxidation of CFs and CNTs 
For the oxidation of CFs, 2.0 g of CF were accurately weighted and placed in a 100 ml beaker. The 
acidic functionalization was performed by soaking the CFs in 80 ml sulfonitric acid solution (1 
HNO3 : 3 H2SO4) prepared by adding first 20 ml of nitric acid and then 60 ml to the beaker where 
CFs were placed. In order to promote the oxidation process the suspension was sonicated in an 
ultrasonic bath (SONICA 2400 MH series) for 30 minutes. At the end of the treatment, the solution 
was neutralized in a basic solution of 1 M NaOH until pH 7 was reached. Functionalized carbon 
fibres were then recovered via filtration with a fritted glass filter class G3 Pyrex. Fibres and CNTs 
were washed several times with distilled water and dried overnight in an oven at 80 °C. The same 
procedure was used to chemically oxidize 0.5 g of the CNTs; in this case, a filter with a fritted glass 
filter class G4 Pyrex was used. 
 
2.3. Grafting.  
For the grafting of CNTs on CFs, 0.2 g of the oxidized CFs were dispersed over a glass plate in 
order to maximize the contact area, while different quantities of the treated CNTs were dispersed in 
acetone using an ultrasonic probe (Vibra-cellTM) at 100 W power. The CNT dispersion was 
poured, drop-by-drop, over the carbon fibres waiting for the solvent to evaporate. To avoid the 
tendency of CNTs to aggregate in bundles and to maintain an effective dispersion, extra sonication 
steps were repeated in the ultrasonic bath for 5 minutes every 10 minutes. After all of the CNTs 
dispersion was poured over the CFs, the CF-CNT system was placed in an oven at 200 °C for 5 
hours in order to promote chemical bonding, as suggested by Laachachi and coworkers [17]. After 
the thermal treatment, the CFs functionalized with CNTs were washed with pure water and dried in 
an oven at 60 °C. Different amounts of CNTs and CFs were used for the preparation of the various 
samples listed in Table 1. The acronym “G” is used to indicate the structure of the reinforcement 
obtained with the grafting procedure. Note that the labels used for the samples are related to the 
final CNT/CF reinforcement content in the composites, as discussed in the following paragraph. 
 
  
  
Table 1: Sample labels and corresponding amounts of CNTs and CFs used for chemical grafted samples. 
Sample CF mass [g] CNT mass [g] CF/CNT mass ratio  
G 0.5-0.25 0.3 0.15 2 
G 0.5-0.17 0.3 0.1 3 
G 0.5-0.1 0.2 0.04 5 
G 0.5-0.025 0.2 0.01 20 
G 0.5-0.01 0.2 0.004 50 
  
2.4. Composite manufacturing by tape casting technology.  
The slurry for tape casting was prepared by dispersing different fillers i.e. CFs, CNTs and grafted 
CFs in a solution of PVB in ethanol. An amount of 40 g of ethanol was weighed in a beaker, the 
same was done with 10 g of PVB; the fillers were then prepared in the required amounts and mixed 
with the ethanol; a small portion of PVB (0.6-0.8 g) was then added to the ethanol-based system, 
which was then mixed with a magnetic stirrer. When the solution became transparent, it was ultra-
sonicated with an ultrasonic tip for 10 minutes with a power of 100 W. In the cases in which the 
dispersion was not sufficiently uniform, an additional sonication time of 5 minutes was necessary.  
The aim of the ultrasounds treatment was to disperse the reinforcement, in particular CNTs, in the 
matrix. A small amount of PVB was added before the treatment in order to improve the dispersion 
and prevent the fillers from reaggregating in bundles at the end of ultrasound treatment.  
The system was then placed on a magnetic stirrer that provided a mild but continuous agitation, and 
the remaining PVB added slowly (about 2 g/h). During the processing, the beaker was kept covered 
in order to prevent solvent evaporation. The solution was stirred overnight before being processed. 
In Table 2, the different slurries prepared are listed; the filler fraction values are percentage by 
weight of the PVB, and are also used to define the nomenclature of the samples. We use the labels 
“NG” and “G” to indicate “Non-Grafted”, and “Grafted” fibres, respectively. 
After the stirring was completed, the slurry was degassed by mean of a vacuum pump in order to 
remove the air bubbles that would act as defects in the final composite. The resulting slurries were 
poured by tape casting on a movable mylar support (advance speed 100 mm/min); the doctor blade 
was adjusted to a height of 1 mm. By slow evaporation of the solvent, occurring at room 
temperature in air for 12 h, composite tapes with a thickness of 200–250 μm and without 
macroscopic defects were obtained. 
  
  
Table 2: Sample labels and corresponding slurry composition. 
Sample CF weight fraction [%] CNT weight fraction [%] 
PVB 0 0 
CF 0.1 0.1 0 
CF 0.5 0.5 0 
CF 1 1 0 
CNT 0.025 0 0.025 
CNT 0.1 0 0.1 
CNT 0.5 0 0.5 
CNT 1 0 1 
NG CF 0.1 CNT 0.1 0.1 0.1 
NG CF 0.5 CNT 0.01 0.5 0.01 
NG CF 0.5 CNT 0.025 0.5 0.025 
NG CF 0.5 CNT 0.1 0.5 0.1 
NG CF 1 CNT 0.1 1 0.1 
G CF 0.5 CNT 0.01 0.5 0.01 
G CF 0.5 CNT 0.025 0.5 0.025 
G CF 0.5 CNT 0.1 0.5 0.1 
 
 
3. Results and discussion 
3.1  Thermal analysis 
The thermal behaviour of CNTs, pure CFs and grafted CFs was studied by thermogravimetric 
analysis (TGA). The samples were prepared by accurately cleaning each material and then drying it 
in an oven at 80 °C. The TGA analysis was performed in flowing air at 50 ml/min, with a heating 
ramp of 10 °C/min up to 1000 °C. 
 
  
 
Fig. 1: TGA derivative curves of oxidized CFs and CNTs (with sulfonitric acid) compared with 
grafted CFs (CF/CNT ratio equal to 20) 
 
The TGA curves show how the degradation of the three samples starts at different temperatures. 
The grafted CF samples follow a curve that lies between that of oxidized CF samples and that of 
CNT samples, as expected. Moreover, while CF and CNT samples present a unique peak in the 
derivative curves, a different behaviour is observed for the grafted CNTs, for which two peaks can 
be observed. This suggests that the degradation proceeds through two steps: first the degradation of 
CNTs and subsequently degradation of the CFs. It can be also noted how in the grafted fibres the 
thermal degradation of CNTs starts at a much higher temperature than the oxidized CNTs. This 
phenomenon is probably due to the absence of oxygen-containing groups, which are no longer 
present on the CNTs surface since they were used in the esterification reaction to form chemical 
bonds with the CFs. Since such groups begin their degradation at lower temperature, in their 
absence the overall degradation starts at higher temperature. 
 
3.2. Surface morphology 
The surface morphology of the samples was observed by means of a Zeiss Merlin Field Emission 
Scanning Electron Microscope (FESEM). Samples were prepared for each grafted-fibre batch. 
Various images were taken at different magnifications and in different areas of the samples in order 
to observe representative samples of the morphology of the grafted fibres for different CNT 
  
contents. In Figure 2, the G CF 0.5 CNT 0.01 sample is observed at increasing magnifications. As 
can be seen in Fig. 2a, it appears that the CNTs do not extend over the whole surface of the CFs. 
This non-uniform surface covering can be attributed to the small amount of CNTs used in the 
grafting treatment for this specific sample, which did not allow the entire CF surface to come in 
contact with the CNTs. The same behaviour is observed in the case of the G CF 0.5 CNT 0.025 
sample. Moreover, it is possible to notice the presence of large CNT aggregates on the CF surface, 
which could be due to the use of acetone to promote the reaction between CFs and CNTs, since this 
solvent is not effective for keeping the CNTs well dispersed. Larger magnification on single CFs 
(Figs.2b, 2c and 2d) highlights the presence of a relatively uniform layer of CNTs, with the 
nanotubes lying mainly parallel to the fibre surface. 
 
 
Fig. 2: SEM images of the CF surface in a G CF 0.5 CNT 0.01 sample at different magnifications: 
a) 2500 X b) 10000 X c) 25000 X d) 200000 X.  
 
In the case of G CF 0.5 CNT 0.01 samples, a considerable morphological change is observed, since 
CFs become uniformly covered by nanoscale spherical particles (Fig. 3). These particles display a 
c d 
b a 
  
spherical geometry with a diameter ranging approximately from 20 nm to 250 nm. Some holes are 
present on the fibre surface. This suggests that the nanospheres can be identified as Carbon Nano 
Onions (CNOs) [24,25]. The CNO spheroidal structures can be synthetized from CFs, since the 
strong acid treatment probably weakens the bonds between differently-oriented carbon structures in 
the fibres, and CNOs emerge out of the surface of the CFs from the liquid phase during the grafting 
process [26]. It must also be noted that the CNTs appear to interact with the CNOs. In particular, 
CNTs seem to act as nanometric ropes that keep the onions bound to the fibres, although this 
requires a rather high CNT concentration. Further studies will be required to define the range of 
conditions under which it is possible to obtain this specific morphology, however the possibility of 
improving the roughness of the carbon fibres with a strong interfacial layer made of CNOs/CNTs is 
thought to be extremely beneficial for the mechanical properties of composites, as discussed below.  
 
 
Fig. 3: SEM images of a G CF 0.5 CNT 0.1 sample at different magnifications: a) 10000 X b) 
50000 X  
 
3.3 Mechanical testing 
Tensile tests were performed on the samples using a ZwickLine z050 testing machine with a 50 kN 
load cell. The test was conducted at room temperature in displacement control at a velocity of 0.5 
mm/min and applying a preload of 5 N. All measurements were also subsequently repeated and 
verified using a universal testing machine MIDI 10 by Messphysik Materials Testing, at a velocity 
of 0.6 mm/min, corresponding to a strain rate of about 0.025%s-1. The samples were rectangular 
specimens, cut from the fabricated tapes, 57 x 9 or 40 x 9 mm2 in size with variable thickness, as 
reported in Table 3. The unreinforced polymer is indicated with “PVB”, while the thickness 
variation among the samples depends on the viscosity of the slurry before casting and on the rate of 
a b 
  
solvent evaporation, thus on the quantity of CNTs or CF present in the composites. For most of the 
samples, a thickness of approximately 100 μm was obtained. Adhesive pads were glued on the 
specimen ends in order to fit the testing machine grips and avoid slippage during loading. The tests 
allowed to determine stress-strain curves for the various specimens in the quasistatic regime, and to 
derive the quantities of interest such as stiffness, yield stress, strength, ultimate strain.  
 
Table 3: Geometrical dimension of the specimens. 
Sample label Length [mm] Width [mm] Thickness [mm] Section [mm2] 
PVB 57 (40) 9 0.04 0.32 
CF 0.1 57 (40) 9 0.05 0.45 
CF 0.5 57 (40) 9 0.09 0.81 
CF 1 57 (40) 9 0.09 0.81 
CNT  0.025 57 (40) 9 0.10 0.90 
CNT 0.1 57 (40) 9 0.11 0.95 
CNT 0.5 57 (40) 9 0.10 0.90 
CNT  1 57 (40) 9 0.10 0.90 
NG CF 0.1 CNT 0.1 57 (40) 9 0.09 0.77 
NG CF 0.5 CNT 0.1 57 (40) 9 0.11 0.99 
NG CF 0.5 CNT 0.025 57 (40) 9 0.10 0.9 
NG CF 0.5 CNT 0.01 57 (40) 9 0.09 0.81 
NG CF 1 CNT 0.1 57 (40) 9 0.09 0.81 
G CF 0.5 CNT 0.1 57 (40) 9 0.08 0.72 
G CF 0.5 CNT 0.025 57 (40) 9 0.09 0.81 
 
The tests were performed on every composite by loading up to failure several specimens (from 5 to 
16) for each type. The onset of damage occurs typically at both sides of the tape, followed by 
specimen tearing which induces torsion. Some examples of fractured specimens are shown in Fig. 
5.  
In order to observe how the addition of CFs and CNTs affects the mechanical behaviour, in the 
following a comparison will be provided for the different families of composites produced. 
  
 
Fig 4: Fractured specimens of different types: a) CNT 0.025 b) CNT 0.1 c) CNT 0.5 d) CNT 1 
 
3.3.1. CF and CNT-reinforced composites. 
A typical stress-strain curve for various samples is shown in Fig. 5. It is apparent that the addition 
of CFs leads to a 30% increase in strength and promotes brittle fracture. The further addition of 
CNTs provides a small additional increase in strength, but also a considerable toughening of the 
composite, with a transition from brittle to ductile fracture, an increase in the ultimate strain, and 
the corresponding increase of over 10 times in the dissipated energy, per unit mass E/m. The latter 
is taken as a measure of material toughness and is calculated as: 
 
𝐸
𝑚
=
1
𝜌
∫ 𝜎𝑑𝜀
𝜀𝑓
0
      (1) 
 
where  is the stress, the strain, the material density, and f the ultimate strain [27]. Large 
simultaneous strength and toughness values are distinctive of biological materials, which can 
conjugate these two mutually exclusive properties through hierarchical structures and multiscale 
damage mechanisms [28]. Therefore, these are extremely important properties to be achieved in the 
development of bioinspired materials.  
  
 
Fig 5: Examples of stress vs. strain for different CF/CNT reinforced PVB composites. 
 
To evaluate the reinforcing effect of CFs and CNTs separately, average mechanical properties of 
(non-hierarchical) composites with only a single reinforcement type (CFs or CNTs) are initially 
analysed (Fig. 6 and Table 4). Predictions using a direct and inverse Rule of Mixtures (RM) are 
included as lines in the plots for comparison [29], using the data in Table 5 for the matrix and fibre 
properties. 
  
 
Fig 6: Average stiffness, strength, and ultimate strain values for CF-reinforced PVB (left column) 
and CNT-reinforced PVB (right column) composites. Dotted lines display direct (“RM max”) and 
inverse (“RM min”) rule of mixtures predictions 
  
  
Table 4: Average mechanical properties of CF and CNT composite tapes measured in tensile 
testing. 
Sample  Stiffness (GPa) Strength (MPa) Ultimate Strain (%) Toughness (J/g) 
PVB 1.2±0.2 37.3±4.9 24.2±2.8 150±36 
CF 0.1 1.8±0.1 43.1±3.1 57.1±1.4 122±14 
CF 0.5 1.6±0.1 46.9±8.1 17.2±4.6 92±32 
CF 1 1.4±0.1 44.4±5.5 14.1±5.3 135±40 
CNT 0.025 1.4±0.1 47.4±3.5 138.4±1.1 222±47 
CNT 0.1 1.2±0.1 47.0±2.8 154.9±2.5 164±16 
CNT 0.5 1.5±0.1 46.6±5.3 52.2±4.7 146±49 
CNT  1 1.6±0.2 42.7±2.3 61.9±10.3 139±15 
 
Results show that the composites reinforced with CFs achieve an increase in stiffness and strength 
with increasing CF weight fraction, up to a maximum for 0.5% CFs. This increase is consistent with 
RM predictions, indicating that the fibres are well aligned. For larger fibre contents, the effects of 
imperfect dispersion become non negligible, since the CFs agglomerate in bundles that behave as 
brittle inclusions, leading to a decrease in the overall strength of the composites. The ultimate strain 
increases with respect to pure PVB in the case of the sample containing 0.1% CFs while at 0.5% 
CFs the fracture becomes brittle. This effect is again related to the size of the reinforcements: for 
0.1% CFs there is sufficient space between the fibres to guarantee the deformation of the samples, 
while in the case of a higher CF content, the effect of local stiffening of the polymer induced by the 
fibres prevails and fracture becomes brittle. There is good reproducibility in the measured stiffness 
and strength values, while ultimate strain and therefore toughness values are subject to a greater 
variability. This is mainly related to the onset of torsional or misalignment effects occurring in the 
tape specimens once damage sets in, as can be observed for some of the damaged specimens in 
Fig.4. The misalignment effects are dependent on the type and location of damage in the specimen, 
and thus lead to an increase in the standard deviation of ultimate strain and toughness values. 
Table 5: Material properties used in direct and inverse RM 
Property PVB CF CNT 
Density (kg/m3) 1070 1760 1350 
Young’s modulus (GPa) 1.24 230 800 
Strength (MPa) 37.3 3500 50000 
  
 
SEM analysis of fracture surfaces of CF-reinforced samples (Fig. 6) shows that as expected fibres 
are mainly oriented along the tape direction due to the shear stresses acting during the tape casting 
process. Partial debonding and pull-out from the matrix is observed (Fig. 6). This suggests a 
relatively weak interface between the polymer and the fibres, which leads to limited toughness 
values, consistently with observed ultimate strain values. 
 
Fig 6: SEM image of a CF 0.5 sample at (a) 700X magnification (b) 15000X magnification, 
highlighting fibre pull-out. 
 
The stiffness and strength data indicate that 0.5% is the optimal CF weight fraction to provide the 
best mechanical properties. This is because this concentration allows a good dispersion of CFs 
during composite manufacturing with limited fibre aggregation. Analysis of the fracture surfaces 
suggests that an improvement in the interface could significantly change the mode of fracture of 
these composites, and lead to further toughness improvements.  
The addition of CNTs also significantly improves mechanical properties in terms of stiffness and 
tensile strength, as expected. However, the best mechanical performance, comparable with RM 
  
predictions, is obtained at a very low weight fractions (0.025% wf for tensile strength and 0.1% wf 
for ultimate strain), while higher percentages lead to a degradation of the mechanical properties, 
with properties considerably below direct RM predictions. This is due to the fact that low CNT 
concentrations allow a uniform dispersion of the filler in the matrix and a better exploitation of the 
exceptional mechanical properties of the single CNTs. When the CNT concentration is increased, 
nanotube bundles tend to form behaving as structural defects, counterbalancing the positive effect 
of the increased CNT concentration in the matrix (Fig. 7). The smaller amount of filler needed to 
reach the optimal stiffness and strength with respect to the case of CF-reinforced composites is 
related to the higher CNT stiffness and strength values, making them more effective in providing 
reinforcement effects at lower weight fractions. In addition, some nanoscale-related effects can 
occur, leading to a change in the local properties of the polymer matrix due to the high CNT surface 
area and the vicinity between CNTs even at low weight fractions. Additionally, CNTs can 
potentially interact with surrounding polymer chains and modify the crystalline morphology of the 
matrix [30]. 
 
Fig 7: SEM image of a CNT 1 sample at 10000X magnification. Red circles indicate CNT 
agglomeration in bundles. 
 
The latter effects are responsible for the observed increase in ultimate strain for CNT-reinforced 
samples, leading to a higher toughness composite. Necking and unfolding of polymer chains is 
improved by the addition of a small amount of CNTs, while it is hindered by the presence of CNT 
agglomerates. In the case of PVB-CNTs composites, a chain-wrapping phenomenon is 
hypothesized at the interface between CNTs and PVB [31]. When a tensile stress is applied, the 
  
chains start to unfold, sliding along the nanotubes, giving rise to an improved elongation at break 
with respect to the pure polymer. 
 
3.3.2. Multiscale composites 
To evaluate the influence of multiscale hierarchical structure on the mechanical behaviour of the 
considered CF-CNT composites, a comparison is made between samples with CNTs grafted on the 
CF surfaces (“G” samples), and samples where the CFs and CNTs are simply mixed in the matrix 
(“NG” samples”). The measured stiffness and strength values for the same CF and CNT content for 
the two types of composite are reported in Fig. 8 and in Table 6. As discussed in the previous 
section, the CF weight fraction for which best results are obtained in the case of a single-
reinforcement composite is kept constant (0.5 %) and CNT content varies between 0.01 % and 
0.1%. Results show an improvement in both stiffness and strength of the composites containing 
both CFs and CNTs with respect to the case of the composites with only single reinforcement types 
(Fig.6). A further improvement is observed in the case of “G” samples compared to “NG” samples. 
In the best case, a stiffness and strength increase of 45% and 47% is obtained compared to PVB, of 
18% and 23% compared to the CF 0.5 specimens, and of 24% and 28% compared to the non-
grafted CNT case. Writing the direct RM for strength as: 
 
𝜎𝐶𝐹 =
𝜎𝐶−𝜎𝑃𝑉𝐵(1−𝑓𝐶𝐹)
𝑓𝐶𝐹
      (2) 
 
where 𝜎𝐶𝐹 is the CF strength, 𝜎𝐶 is the composite strength, 𝜎𝑃𝑉𝐵 is the matrix strength, and 𝑓𝐶𝐹 the 
CF volume fraction, one can derive that the effect of adding grafted CNTs is equivalent to using 
CFs that are twice as strong as conventional ones (7.7 GPa instead of 3.5 GPa).  
 
Table 6: Average mechanical properties of multiscale (grafted: “G”) and conventional (non-
grafted: “NG”) CF/CNT composite tapes measured in tensile testing. 
Sample  Stiffness (GPa) Strength (MPa) Ultimate Strain (%) Toughness (J/g) 
NG CF 0.5 CNT 0.01 1.7±0.1 47.5±1.2 29.6±15.5 251±51 
NG CF 0.5 CNT 0.025 1.7±0.1 49.8±1.8 27.5±11.6 239±49 
NG CF 0.5 CNT 0.1 1.7±0.1 49.3±3.9 31.6±23.9 227±53 
G CF 0.5 CNT 0.01 1.6±0.3 51.0±3.4 3.2±0.69 65±28 
G CF 0.5 CNT 0.025 1.8±0.1 52.7±6.0 35.6±18.7 218±23 
G CF 0.5 CNT 0.1 2.0±0.1 60.5±0.2 19.9±7.1 255±18 
  
 
 
  
Fig. 8: Stiffness, strength and toughness of multiscale (MS) composites with CNTs grafted on CFs 
compared with composites with non-grafted CNTs and with conventional CF composites. The MS 
composites optimize both strength and toughness. 
 
This behaviour is due to the hierarchical structure of the reinforcements in “G” samples shown in 
Fig.2 and Fig.3, which enhances the adhesion between fibre and matrix, giving rise to a strength 
increase. Moreover, a stronger interface between fibres and matrix allows the sliding of the polymer 
chains during damage evolution within the polymer itself, rather than at the interface with the 
carbon fibres (one could also speak of “interphase” rather than “interface”, since it is the presence 
of an additional phase, i.e. CNTs, that modifies the interaction between polymer and the reinforcing 
fibres). Thus, the overall fracture process becomes more ductile, with greater polymer deformation 
around the fibre rather than fibre pull-out from of the polymer. This leads to a simultaneously 
stronger and tougher material.  
On the other hand, the properties of the mixed composites with non-grafted fibres lie between those 
of multiscale ones and single-fibre reinforced ones. The CNT content does not significantly alter the 
mechanical properties of CF 0.5 samples, confirming the indication that a good dispersion of CNTs 
is obtained for small weight fraction values, while agglomeration effects take place at greater 
concentrations. Consistently with previous observations, in most cases samples containing small 
amounts of CNTs show plasticization effects that lead to larger ultimate strain value and toughness. 
 
4 Numerical analysis of CF-CNT interface properties 
The improvement in mechanical properties identified in specimens with grafted CNTs discussed in 
the previous sections is attributed to the improvement in interface properties between CFs and 
matrix, which helps prevent fibre pull out during specimen failure. This improvement can be 
highlighted by analysing stress distributions at the interface for CFs with and without grafted CNTs. 
In particular, we qualitatively evaluate the distributions in the case of the presence of CNOs (Fig. 3) 
by means Finite Element (FE) simulations using COMSOL Multiphysics. An axisymmetric model 
of a single CF embedded in a PVB matrix with and without grafted CNOs is considered. The fibre 
is 50 m in length and CNOs (200 nm in radius) are regularly spaced at 2 m along its length. 
Material properties are taken from Table 5. Figure 9 shows the shear stress concentrations in and 
around the embedded matrix when a unit pull-out force P is applied to the fibre end. The 
corresponding stresses at the interface highlight the mechanism responsible for the improvement of 
interface properties for hierarchical fibres. In the case of a non-grafted fibre, the stress peaks occur 
  
at the fibre ends, giving rise to anticipated fibre-matrix debonding and fibre pull-out. Instead, the 
presence of CNOs along the fibre give rise to a redistribution of stresses, and a reduction in the 
stress peaks, thus leading to a greater load bearing capacity and improved overall composite 
strength, as observed experimentally. 
 
 
Fig. 9: FE results of the pull-out from a PVB matrix of a CF with grafted CNOs: a) Stress  (per 
unit pull-out load P) distribution in the matrix and fibre; b) Calculated stresses at the interface for 
grafted and non-grafted fibres. 
 
The increase in toughness between a CF-reinforced composite and a MS composite can be 
quantified using a recently-introduced “hierarchical shear lag” theory by some of the authors [32], 
according to which the increase of dissipated energy during fibre pull-out per unit contact area 
W2/A2 when adding a hierarchical level to a fibrillar system can be expressed as: 
 
𝑊2
𝐴2
=
𝑊1
𝐴1
(2 +
𝑙𝑑
𝑙𝑎
)     (3) 
 
where W1/A1 is the dissipated energy per unit area for the non-hierarchical system, ld is the average 
detached length of second-level fibrils (CNTs in this case) and la their attached length. Thus, the 
additional hierarchical level produces at least a doubling of toughness, which is compatible with the 
observed values, at least for sufficient CNT concentrations to ensure uniform coating of the CF. The 
la value is also inversely proportional to the linear density of grafted CNTs on the CF, so Eq.(3) 
  
correctly predicts an increase in toughness with increasing CNT concentration, at least until self-
bunching effects set in.  
 
  
  
Conclusions 
In conclusion, our experimental results on CF/CNT reinforced PVB composite tapes show that it is 
possible to obtain a considerable increase in stiffness, strength and toughness with respect to the 
pure polymer by using relatively low reinforcement weight fractions. The addition of single fillers 
(either CFs or CNTs) leads to increments of up to 50% in stiffness, 30% in strength, and up to 
500% in ultimate strain. Larger weight fractions lead to saturation effects given by dispersion 
difficulties. The mixture of CFs and CNTs produces a further improvement that can be ascribed to a 
synergic interaction of the two different fillers. The best results, however, are obtained when a 
hierarchical bioinspired structure is attained using surface-grafted CNTs on CF reinforcing fibres, 
since fibre-matrix interface properties are significantly improved and fibre pull-out effects are 
reduced, leading to a further 60% increase in stiffness and 20% increase in strength with respect to 
the non-hierarchical case. Morphological analysis and numerical simulations support the 
interpretation of the role of the grafted CNTs on the mechanical performance. These results provide 
useful indications for the manufacture of stronger and tougher polymer nanocomposites and could 
contribute in fully realizing the potential of nanocomposites in the field of advanced materials using 
the concepts provided a bioinspired approach.  
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